Abstract-Neutron multiplicity counting relies on time correlation between neutron signals to assay the fissile mass, (α,n) to spontaneous fission neutron ratio, and neutron selfmultiplication of samples. Gamma-ray sensitive neutron multiplicity counters may misidentify gamma rays as neutrons and therefore miscalculate sample characteristics. Time correlated and uncorrelated gamma-ray-like signals were added into gamma-ray free neutron multiplicity counter data to examine the effects of gamma-ray signals being misidentified as neutron signals on assays. Multiplicity counter measurements with and without gamma-ray-like signals were compared to determine the assay error associated with gamma-ray-like signals at various gamma-ray and neutron rates. Correlated and uncorrelated gamma-ray signals each produced consistent but different measurement errors. Correlated gamma-ray signals most strongly led to fissile mass overestimates, whereas uncorrelated gammaray signals most strongly lead to (α,n) neutron overestimates. Accounting for the effects of gamma rays on gamma-ray sensitive neutron multiplicity counters may allow these effects to be compensated for, thus mitigating the assay error associated with misidentified gamma rays.
properties, including fissile mass (α, n) to spontaneous fission neutron ratio (alpha), and neutron self-multiplication (M). Helium-3-based neutron multiplicity counters (NMCs) are often used to determine the amount of 240 Pu in fissile samples for safeguards applications. Recent interest in 3 He-free NMCs, which may not be gamma-ray insensitive, has prompted investigation into the effects of misidentifying gamma rays as neutrons in an NMC. Because measuring the time difference between neutron signals is important to material assay, time correlated gamma rays and uncorrelated gamma rays were investigated independently. Experimental measurements and analyses were conducted to quantify the effects of correlated and uncorrelated gamma rays on assays, and the gamma rejection ratio (GRR) required for arbitrary assay uncertainty limits from gamma-ray effects.
Measurements were initially conducted with a gamma-ray insensitive 3 He-based NMC and were immediately followed by measurements with the same system connected to correlated or uncorrelated gamma-rays signals. The differences between these baseline assays and gamma-ray assays were used to determine the assay error associated with misidentifying gamma-ray signals as neutron signals.
Accounting for the effect of misidentified gamma-rays is a key challenge for scintillator-based neutron detection technologies when assaying relatively high gamma-ray activity samples, which are typical for safeguards applications [1] . Plutonium bearing containers of interest for safeguards applications often have surface gamma-ray exposure rates of up to 5 mSv/h (500 mR/h), although much higher gamma-ray exposures are not uncommon [2] . This project was intended to specifically identify gamma-ray misidentification effects for 6 LiF/ZnS-based neutron multiplicity counting, although results could be applied to 10 B/ZnS, liquid and plastic scintillators, semiconductor detectors with embedded neutron capture materials, and other scintillators loaded with neutron capture materials. These results may be of less importance to neutron multiplicity technologies with low gamma-ray sensitivity or excellent gamma/neutron discrimination properties such as 6 Li loaded glass, BF 3 filled proportional counters, boronlined proportional counters, CLYC (Cs 2 LiLaBr 6 :Ce) detectors, fission chambers, 3 He proportional counters, and high-pressure 4 He proportional counters [1] , [2] .
II. PROCEDURE Baseline 3 He-based neutron multiplicity assays were conducted with the NCC-12, a custom-built neutron 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. detector system made from 12 Reuter Stokes # P/N PS P4 1634 204 3 He tubes and high-density polyethylene panels, as described in [3] and [4] . [5] . The NCC-12 with the NaI(Tl) detector and a source is depicted in Fig. 1 . A NaI(Tl) detector was selected for gamma-ray measurements so that the time correlation between neutron and gamma-ray signals could be maintained without adding additional neutron sensitivity to the system. The neutron only measurements were performed with the NaI(Tl) detector in place, but not connected, to ensure any changes in system performance due to the detector presence were accounted for. The NaI(Tl) detector was also much smaller than the NCC-12 and could easily be moved relative to the source to adjust the rate of detected gamma-rays, and therefore the detected neutron to gamma-ray ratio. A detector emulator was selected as a means of generating uncorrelated signals because its average rate could be matched to the signal rate detected from the NaI(Tl) detector.
One, or both, of the 252 Cf sources were placed in the center of the NCC-12 and a baseline assay was performed.
Then the signals from the NaI(Tl) detector were logically OR'ed to the signals from the NCC-12 and an assay was performed that treated gamma-ray signals from the NaI(Tl) detector as neutron signals. The signals from the NaI(Tl) detector were then disconnected from the NCC-12 and replaced with signals from the detector emulator set to the same rate and pulse shape as the previous assay with the NaI(Tl) detector, but with a Poisson distribution. An assay was performed with the uncorrelated signals from the detector emulator. This procedure was repeated for several NaI(Tl) detector locations (to alter the detected gamma-ray rates) and with the weak 252 Cf, the strong 252 Cf, and both 252 Cf sources (to alter the detected neutron and gamma-ray rates).
Detected gamma-ray to neutron ratios to approximately 0.4 were investigated. This ratio would only be applicable to samples with very high gamma-ray to neutron emission ratios, such as plutonium bearing samples which often have gammaray to neutron emission ratios of 10 5 -10 6 γ /n or more, or a detector with poor gamma-ray insensitivity. The detected gamma-ray to neutron ratio of 0.4 was achieved by placing the 252 Cf sources immediately adjacent to NaI(Tl) detector, therefore, no higher ratios could be explored with the available detector system and sources. Detected gamma-ray rates ranged from 15.3 to 3390 Hz, and detected neutron rates ranged from 795 to 8850 Hz.
A. INCC Software Calibration
Neutron signals from a fission event follow a Rossi-alpha distribution (1), therefore a predelay, or artificial deadtime, of sufficient length, must be applied after the initial trigger signal from a fission event to mitigate pileup effects while still allowing most events to be detected. The optimal NCC-12 predelay was determined by measuring the second factorial moment of signals (doubles) as a function of predelay time, where the optimal time was the time that maximized the doubles rate. Predelay times were set in the INCC software.
Neutrons have an average lifetime within the NCC-12 before they are captured and produce a signal, captured in nonsignal generating materials, or escape the system. The decay constant of the neutron signals with time is the dieaway time of the detector. The time distribution is given by
where N(t) is the neutron population at time t, A is the accidental or background rate, R is the real or time correlated rate, and τ is the mean neutron die-away time [6] . The doubles rate was maximized with a 3.25 μs predelay which was used for all subsequent measurements.
The optimal gate length time that minimizes the relative error for a given τ is given by [1] Gate Length = τ (e GateLength/τ − 1)/2 ≈ 1.256τ.
The optimal NCC-12 gate time was determined by measuring the doubles rate over a range of gate lengths and fitting a decay curve to those doubles rates. τ was extracted from the fit to be 70.7 μs, and therefore a 89 μs gate was used for all subsequent measurements.
III. EQUATIONS
NMCs record the neutron distributions, which can be used to calculate the first, second, and third factorial moments (singles, doubles, and triples), as given by the following:
where S is the total singles rate, D is the doubles rate, T is the triples rate, f 1 and f 2 are the first and second multiplicity distributions of R + A or the foreground, and b 1 and b 2 are the first and second multiplicity distributions of A or the background. The number of trigger events within the gate length after an initial trigger event define the multiplicity of the f and b values [7] . The values of S, D, and T can be expressed analytically in terms of variables of interest as in the following:
where F is the spontaneous fission rate, ε n is the neutron detection efficiency, M is neutron multiplication, α is the (α, n) to spontaneous fission neutron ratio, f d and f t are the doubles and triples gate fractions, ν s1 , ν s2 , and ν s3 are the factorial moments of the spontaneous fission neutron distribution, and ν i1 , ν i2 , and ν i3 are the factorial moments of the induced fission neutron distribution [2] , [6] , [7] . M can be determined by solving the following:
where the coefficients a, b, and c are functions of S, D, and T as follows:
Once M is determined, the fission rate and effective 240 Pu mass (m 240 ) can be calculated as follows:
F can also be used to calculate α as follows: 
IV. UNCORRELATED GAMMA RAYS
Uncorrelated gamma-ray-like signals were generated with a detector emulator with a Poisson distribution in time. These assays with Poisson distributed gamma-ray-like signals were compared to baseline assays to determine the assay error associated with uncorrelated gamma-ray signals being misidentified as neutron signals in an NMC. A linear equation of slope S was fit to the assay error data set as a function of gamma-ray signal to neutron signal rate, as seen in Figs. 2-4 . The fit was constrained to pass through the origin since the origin represents the unmodified system, which must therefore have no measurement error from gamma-ray-like signals. Higher order terms may exist to these fits, although a brief exploration of higher order terms did not provide significantly improved agreement between the data sets and fitting equations.
The equations were of the form
where S is the slope of assay error as a function of the gamma-ray to neutron signal ratio. Results of the fit are given in Table I . 
TABLE I UNCORRELATED GAMMA-RAY SIGNAL RESULTS
Misidentifying uncorrelated gamma-ray signals as neutron signals tend to result in moderately underestimating fissile mass, highly overestimating alpha, and weakly underestimating self-multiplication. The high χ 2 /degree of freedom for M in Table I indicates a poor linear fit between the parameter error and uncorrelated gamma rays. Uncorrelated gamma rays seem to have a somewhat unclear effect on M.
V. CORRELATED GAMMA RAYS Time correlated gamma-ray signals were generated with a NaI(Tl) detector at various distances from the sources at the same time the NCC-12 was recording neutron signals. These assays with 252 Cf gamma-rays were compared to baseline assays to determine the assay error associated with the combination of correlated gamma rays (from spontaneous fission) and uncorrelated gamma rays (from alpha-decay and the alpha and beta decay of its decay and fission products) emitted by 252 Cf gamma rays being misidentified as neutron signals in an NMC. A linear equation was fit to these assay errors as a function of gamma-ray signal rate to neutron signal rate, as seen in Figs. 5-7.
Regression line results are given in Table II . The high χ 2 /degree of freedom for α in Table II indicates a poor linear fit between the parameter error and 252 Cf gamma rays, which are comprised largely of correlated gamma rays. Correlated gamma rays seem to have a somewhat unclear effect on α.
Since 252 Cf emits a combination of correlated and uncorrelated gamma rays, the uncorrelated gamma rays had to be deconvolved from the correlated gamma rays to isolate the effects of the correlated gamma rays. The deconvolution was performed by collecting a neutron time stamp data set from within the same time gate, simulating the gamma-ray burst from fission events that would be detected before neutrons had time to thermalize and capture. Artificial uncorrelated events were added with a Poisson time distribution over the entire range of time stamps. The pretrigger times were varied over a range of 20-90 μ s, and the ratio of artificial correlated with uncorrelated time stamps, or the correlated gamma ratio, was varied from 0 to 1. These time stamp lists with artificial events were analyzed to obtain mass, alpha, and M estimates.
Immediately following the data set collected with the NCC-12, another data set was collected with the NCC-12 and the NaI(Tl) detector, which was analyzed to provide measured mass, alpha, and M values. The difference between the artificial and measured assay values was compared for mass, alpha, and M as functions of pretrigger time and the correlated gamma ratio of the artificially modified data sets, as seen in Figs. 8-10. Each assay type had a contour line where the artificial and measured values matched, and by plotting all three contour lines together a unique pretrigger and correlated gamma ratio value could be determined which resulted in artificial results always matching measured results, as depicted in Fig. 11 . Artificial and measured results matched for a correlated gamma ratio of 0.226 ± 0.002 and a pretrigger time of 74.8 μs. This correlated gamma ratio was taken as the ratio of correlated with uncorrelated gamma rays detected in the 252 Cf data sets and was used along with the data from Table I to isolate the effects of correlated gamma rays on assay error Fig. 13 . GRR as a function of alpha assay error and gamma-ray sensitivity for an example source and NMC.
coefficients as described by the following:
This method was used to calculate the effects of correlated gamma rays on mass, alpha, and M assay with results presented in Table III. Misidentifying correlated gamma-ray signals as neutron signals tends to result in highly overestimating fissile mass, highly underestimating alpha, and moderately overestimating self-multiplication.
VI. CORRELATED AND UNCORRELATED GAMMA-RAY EFFECTS APPLICATIONS
GRR requirements for each sample parameter can be determined as a function of assay error from gamma-ray misidentification (δ mass , δ alpha , δ M ), total neutron emission rate (N), neutron and gamma-ray detection efficiency (ε n , ε γ ), and total correlated and uncorrelated gamma-rays rates (γ cor , γ un ), as seen in the following:
For example, given a 100 g sample composed of 0.0134 w% 238 Pu, 93.8 w% 239 Pu, 5.94 w% 240 Pu, 0.180 w% 241 Pu, and 0.112 w% 241 Am with a neutron emission rate of 1.6 × 10 4 n/s, a correlated gamma-ray emission rate of 5.7 × 10 4γ cor /s, assuming only one gamma-ray is detectable per fission, and an uncorrelated gamma-ray emission rate of 5.3 × 10 9γ un /s, and an NMC with ε n = 0.50, then GRR can be determined as Similarly, assay error can be determined as a function of GRR, which may allow systems to predict and correct for gamma-ray induced assay errors.
VII. CONCLUSION
The effects of correlated and uncorrelated gamma rays on neutron multiplicity counting can be quantified in terms of detector and sample characteristics. Most importantly, the GRR requirement for an NMC can be determined for specified mass, alpha, and M assay tolerances.
The gamma-ray sensitivity of neutron detectors can vary dramatically between technologies. Technologies with extremely low gamma-ray sensitivity may require little if any adjustments to provide reliable assays of most samples, whereas scintillations-based technologies often have poor gamma-ray insensitivity and are more likely to require adjusts to reliably assay sample with high gamma-ray to neutron emission ratios.
Future research is required to determine if gamma-ray measurements can be used to determine correlated and uncorrelated gamma-ray rates and thus determine and correct for gamma-ray effects on neutron multiplicity counting. Research may also be required to reduce the uncertainties of results, particularly self-multiplication for uncorrelated gamma rays, and alpha for correlated gamma rays.
